Abstract
Introduction
predicted that sandstorm occurrence in northern China will increase gradually, entering a 131 new, relatively active period (Li and Zhong, 2007) . Obviously, large discrepancy and 132 uncertainties still remain in the predications, and there is need to collect more ground-or 133 satellite-based observations to assess the directionality and accuracy of the prediction. 134
Such assessment can be also be used to re-evaluate and improve our knowledge on 135 regional dust emission and transport by air quality and climate models. 136
The goals of the research presented in this paper are twofold. First, it will provide a 137 unified, regional and sub-regional dust sources and hot spots inventory for East Asia, to 138 improve numerical modeling of dust emission and transport, and to consider measures to 139 mitigate wind erosion. Second, this study will present annual and seasonal variations of 140 dust events for the period of 2000-2015 to reassess past predictions and improve our 141 knowledge on the regional patterns of dust emission. 142
This paper is structured as follows. Section 2 describes the satellite platforms and 143 observation data, the analysis method and the numerical models. In Section 3, we 144 demonstrate the interannual variations of dust emissions and the distribution of dust 145 hotspots. Relationships with climate indices and implications for dust numerical prediction 146 are then discussed in Section 4. Finally, Section 5 presents our conclusions. available for MOD04 Terra data. Improvements in the surface reflectivity retrieval and 167 algorithm mean that Collection 6 MODIS Deep Blue aerosol products, both absolute AOD 168 and its spectral variation, have changed since Collection 5.1 (Sayer et al., 2013) . Details 169 of the remote sensing data are outlined in Table 1 . 170 
Dust detection algorithm 189
As advised by Baddock et al. (2009) , at the regional scale, dust events can be 190 detected using MODIS AOD or OMI AI products. If either of these two products indicates 191 the presence of dust, then there is the potential for determining dust sources at higher 192 resolution. The MOD/MYD04 aerosol products provide data processed to a common 193 standard that enables comparison from one region to another. The versatile MOD/MYD02 194 data can be processed simply by using brightness temperature difference to enhance the 195 dust signal. Where cloud is present, or if it is necessary to highlight the dust plume, then 196 one of the methods for employing a dust/non-dust threshold can be used, but it is 197 recommended that event-specific thresholds are calculated manually (as opposed to 198 uniform regional thresholds). The algorithm for the higher resolution technique based on 199 satellite data is illustrated in Figure 1 . 200
The ability to use remotely-sensed data both to detect a dust plume and to identify the 201 location from which it has originated is affected by several factors including the radiative 202 transfer properties of the material emitted, the radiative properties of the ground/ocean 203 surface over which the plume is transported, the size and density of the dust plume, the 204 time of satellite overpass relative to dust emission, the presence or absence of cloud, the 205 horizontal and vertical plume trajectory, and the sensor characteristics and radiative 206 transfer model used to detect dust. Aqua and Terra satellites are used to detect dust sources over East Asia in this study. 220
In order to select a fast and effective algorithm to detect massive dust events with 221 different intensities, we reviewed the mainstream "split windows" algorithms for dust 222 detection ( Table 2 ). Note that some algorithms have not been used in the East Asia region. 
236
For the majority of events and algorithms, the published or indicative thresholds 237 under-perform and the values vary from event to event. This makes it difficult to suggest 238 appropriate regional scale thresholds and each event was manually adjusted in this study. 239
While some of this variation is due to factors specific to the algorithms or individual events, 240 other factors such as diurnal and seasonal variations in surface temperature/dust contrast 241 (which affect BTD) will affect all the methods. 242
Once a dust event was determined, it was numbered and classified as either a local 243 or regional transported dust event. Then, all the dust plumes in this event were recorded 244 and the locations (points or/and polygons) of hot spots for dust emission were noted. 245 246 
Analysis of transport trajectories 249
By using the discrimination method described above, we identified dust 250 sources/hotspots and transport by monitoring dust progression as observed in time-series 251 of MODIS images during a dust event. Then, we reconstructed the air-mass trajectories 252 responsible for the dust transport, to validate the dust origins and transport trajectories 253 determined by satellite remote sensing. 254
Efficacies of four large-scale Lagrangian dispersion models (CALPUFF v5.8, 255 and official reported data from CMA), but higher than those in statistical results of 292 transported dust events in satellite retrieves over East Asia (Zhang et al., 2008) . 293
The periodicity of transported dust storms was analyzed using power spectrum 294 to former studies, the sub-regional scale (for dust sources) and fine scale (for hotspots) 338 were adopted in this paper to establish a more comprehensive source map for dust 339 
373
In order to effectively characterize the sub-regional features and simplify modeling 374 comparisons, different division schemes adopted in former studies are depicted in Figure  375 5a, 5b and 5c (Zhang et al., 2003; Ku and Park, 2011; Kim and Lee, 2013) . According to 376 the MODIS image series, we further subdivided the dust emission sources into six 377 distinguishable sub-regions according to their regional characteristics and frequency of 378 dust events (Figure 5d ). Among the 214 dust events in China and Mongolia identified by 379 MODIS, most originated in regions S1, S3 and S5 (Table 1 in the supplemental 380 information; Figure 5d ). The three main sources (Taklimakan Desert, Gobi, sandy lands in 381
Region 1), in terms of numbers of dust events, accounted for over three quarters of the 382 total dust emission events in East Asia, in contrast to the results of Zhang et al. (2008) . 383
Propelled by cold frontal systems and the Mongolian cyclone, dust from the five regions 384 generally moves eastward, but with some regional differences in transported direction 385 (Figure 6a) . 
Mountain, over the Bohai Sea, and then across the Korean Peninsula to the Sea of Japan 458 and beyond. 459
Region 6 460
Region 6 sources are mainly made of the Horqin Sandy Land, the saline and 461 alkaline land around the northeast China plains, the Hunlun Buir desert, and the 462
Moltsog-Els and Ongon-Els sandy lands of eastern Mongolia. In this region, there are also 463 dozens of small sources associated with pasture, dry lakes, river beds, or alluvial fans. 464
Compared to dust source divisions adopted in three former studies (Figure 5 ), the 465 dust source area around Lake Balkhash should be excluded from the East Asia region 466 and reassigned to Central Asia (Xin et al., 2015) . The role of the Tibetan Plateau has 467 become controversial and will be further discussed in section 3.3. The central part of 468 eastern China (D2 in Figure 5a ), which is mainly composed of dry cropland with irrigation, 469 was also excluded as a major dust source in this study, and wind erosion over this region 470 needs further detailed study. Besides the regular eastward (to Korea and Japan) and 471 southeastward (to Taiwan and Hong Kong) transport routes, our trajectory analysis also 472
shows that the dust could even been transported directly northward to the 
483

Hotspots of dust emission on a sub-regional scale 484
The main aim of this section is to detect the dust source hotspots by means of the 485 MODIS images. In some instances, dust plumes may be discernible in the MODIS VIS 486 (e.g. Individual or multiple simultaneously active hotspots can be distinguished within the 515 satellite images at the beginning of dust plumes. Based on the identified 214 dust storm 516 events in this study, we also investigated the spatial-temporal distribution and inventory of 517 hotspots over East Asia. Four major regions with several hotspots were discriminated, 518 these were regions S1, S3, S5 and S6 shown Figure 5d . 519
By analyzing more than 1326 MODIS images, we identified hotspots scattered across 520 the dust source region of East Asia and considered their potential for dust emission on the 521 basis of their land cover. Table 3 summarizes the most viable hotspots and the erodibility 522 features with which they are likely to be associated as inferred from Google Earth, Global 523
Mosaics of the standard MODIS land cover type data product (MCD12Q1) of China and 524
Mongolia (http://glcf.umd.edu/data/lc/, Channan et al., 2014) and visual field observations. 525
Of these sources, the majority (eighteen) feature dry lakebeds and paleolakes or bare 526 riverbeds and paleochannels; seven feature outwash fans over steep hillsides; and three 527 hotspot sub-regions feature barren sandy land or saline and alkaline land. Note that with 528 the exception of the highlighted sources in Table 3 , it is also important that seasonally 529 bare cropland regions (e.g. Northeast China Plain and North China Plain) can contribute, 530 albeit infrequently and weakly, as sources of dust storms. Winds in excess of the 531 thresholds needed to start saltation are presumably exceeded in these areas, but these 532 threshold winds do not evidently occur frequently and there is a limited time when surface 533 soil is free from vegetation and prone to wind erosion (Zhang et al., 2015a) . 534
Due to the significant differences in threshold wind speed and vegetation index 535 between Gobi and sandy lands (Laurent et al., 2005), our results show that hotspots in the 536 Gobi appear to be larger than those in the sandy lands, and dust emissions were more 537 intense over these hotspots (Figure 7) . 
548
The spatial distribution of 24 identified hotspots along with dust event counts is 549 illustrated in Figure 8 . It is obvious that the high-frequency hotspots are located in western 550
China, and the medium-frequency hotspots are located in southern Mongolia and 551 northeastern China. This spatial distribution of dust hotspots is also consistent with the 552 spatial variation of dust events based on ground observations in former studies (see 553 Section 3.1). In order to verify the accuracy and further understand the regional effects of 554 these 24 hotspots, we next mapped the average deep blue AOD at 550 nm over terrestrial 555
East Asia from March 2000 to October 2015 (Figure 9 ). Besides the two well-known heavy 556 air pollution areas (the southern rim of the Tibetan Plateau, covered with brown cloud; and 557 eastern China, covered with haze), half of the hotspots could be distinguished at the 558 regional scale with a resolution of 1° × 1°. This implies that the significant contribution of 559 dust hotspots to regional air quality cannot be neglected. However, while higher AOD 560 values were observed across the northern and central Tibetan Plateau (white dashed 561 
580
The three most important areas, containing several hotspots, are described in more 581 detail in this section. The most frequent hotspots are located at the northeastern corner of 582 the Tarim Basin, precisely over Lop Nur centered at ~90°E, 40°N. The surrounding 583 mountains act as barriers which complicate the circulation pattern over the basin. Lop Nur 584 was a large saline lake (~2000 km 2 ) in the 1930s which dried up in 1962 (Li et al., 2008) . 585
Water diversion projects on the Tarim River, which drains the Tarim Basin, reduced the 586 inflow to such a degree that the lake is now a dry salt lake, largely salt-encrusted and 587 subject to severe wind erosion. Interestingly, the frequency of dust plumes has obviously 588 
599
Another dust emission hotspot region is the western Gobi alluvium area (Label O in 600 Table 3 ) of the Alashan Plateau, along with dust hotspots distributed along the dried lake 601 beds of Juyan and Guaizi Lakes (Figure 7c and 7d) . The Juyan Lakes consist of West 602
Juyan Lake (Gaxun Nur) (42.5°N, 100.7°E) and East Juyan Lake The third focused area comprises the dried lake beds of the Wulagai Lake group and 612 barren grass or vegetated lands in the Otindag Sandy Land (Label W in Table 3 and 613 Figure 7a and 7b). In this grassland area, coal mining industries had caused rapid 614 shrinkage and even drying up of the Wulagai Lake group by 2004 (Tao et al., 2015) . 615
The fourth area is distributed over the Horqin sandy land and the saline soils in 616 western Jilin Provence (Label X in Table 3 ). According to the positions of the origins of 617 dust plumes identified in this study, hotspots contributed much to the dusty weather 618 experienced over Northeastern China, and the dust was transported to Korea, Japan and 619 even to far eastern Russia. 620
An additional two dry lake beds in Mongolia, at Boon Tsagaan Nuur (45.6°N, 99.1°621 E) and Oroi Nuur (45.1°N, 100.7°E), were also identified as dust hotspots. The central 622 part of Mongolia (Labels I, K, L and U) is fed by fine-grained material from alluvial fans 623 and ephemeral steams and is therefore highly susceptible to wind erosion. 624
The use of protective farming techniques, afforestation and water conservation in 625 dust emitting basins, along with dust suppression and protection of water resources in 626 mining areas, should be considered to combat dust emissions in the hot spot areas 627 identified in this study. 
Implications for dust modeling and forecasting 630
The above discussion revealed that East Asia is a complex, inhomogeneous dust 631 production region comprising various types of individual sources, each having distinct 632
properties and different strengths. Dust models combine dust source information with 633 predictions of atmospheric dynamics to forecast the occurrence of dust events. The key 634 component of a dust forecast model is its treatment of dust sources and emissions, 635 however, heterogeneous dust source maps are presented in different models in East Asia 636 (Figure 11 ). If the dust source map is inaccurate or ambiguous, the emission flux and 637 spatial-temporal distribution of the modeled regional dust distribution will be erroneous. 638
The fact that global dust emissions are controlled by a few very productive sources 639 provides useful information to design efficient mitigation strategies (Engelstaedter and 640 In this section, we compared the dust source maps for mesoscale and global-scale 665 dust models which cover the region of East Asia in Table 4 and Figure 11 . This 666 demonstrates that source maps in most of the numerical dust models are deficient relative 667 to the identified regions in this study; only the ADAM2 model has a comparative 668 distribution but this model overestimates dust over the Tibetan Plateau. 669
More recently, instead of employing a fixed source map, some researchers have 670 to their behavior as dust sources, based on current understanding of the 698 geomorphological controls on dust emissions. The authors also pointed that this scheme 699 can be applied to map potential modern-day dust sources in four major dust source 700 regions (the Chihuahuan Desert, the Lake Eyre Basin, the western Sahara and the 701 Taklimakan), primarily using remote-sensing imagery to classify surfaces, and thus is 702 suitable for global application. However, while detailed geomorphological mapping has 703 been achieved for some regions, at present there is no standardized methodology or 704 dataset for global scale coverage. Furthermore, the method has only been specifically 705 As mentioned in Section 3.1, the frequency of dust events can increase in other 711 seasons besides the spring, and thus the regional dust storm forecasting system should 712 be operational for the whole year rather than intermittently (for example, the Asian dust 713 forecasts from the Korea Meteorological Administration are only provided from March to 714 May (http://web.kma.go.kr/eng/weather/asiandust/forecastchart.jsp). Based on demands 715 for forecasting hazards related to poor air quality, traffic visibility and resident health, a 716 framework for sub-regional forecasting of the onset and development of dust plumes and 717 their effects on downwind regions should be urgently established in local meteorological 718 organizations, especially in the regions containing several of the hotspots identified in 719 Table 3 . 720 721
Conclusions 722
In this paper, the use of MODIS products has achieved significant improvements in 723 applied to the whole East Asia has also revealed that heterogeneous distribution of dust 731 sources is still one of the major factors that affects the prediction accuracy of dust events 732 in East Asia. 733
Having systematically analysed the satellite data, we highlight the following key 734 findings and implications. 735 1) A relatively detailed inventory of dust events in East Asia during the past 16 years has 736 been established based on satellite observations. A slightly increasing tendency was 737 observed during the study period; however, the seasonal variability was significant, 738 and the frequency of dust events in spring sharply decreased while the frequency 739 slightly increased in summer and autumn. 740
2) It is clear that the Tibetan Plateau is not an important dust source region in East Asia, 741 and the contribution of this region has been overestimated in some previous studies. 742
Meanwhile, northeast China, one of the major dust sources, has been overlooked or 743 underestimated by most previous modeling studies, yet dust from this region can be 744 There is still work to do with respect to establishing high-resolution gridded 768 datasets of the dust sources and hotspots identified in this study, and the real test of our 769 findings will only come when these data are implemented and compared with other 770 predefined sources within a dust-cycle model. In this context, we note that the human 771 activities, especially the unreasonable exploitation of water resources, are another key 772 factor which may cause dry lake beds to become dust hotspots and exacerbate the 773 regional dust emissions. We will quantify this human contribution to regional dust 774 emission and climate forcing in a forthcoming study using a regional climate model. 
